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SeparationThis work contributes to a better understanding of the correlation between the substratemembrane and the for-
mation of poly(piperazine-amide). Factors affecting the properties of the poly(piperazine-amide) layer of the
thinﬁlmcomposite (TFC) nanoﬁltrationmembranewere analyzedby studying the variation in the physicochem-
ical properties of the substrates made of three different polymer materials, i.e. polysulfone (PSf), polyethersul-
fone (PES) and polyetherimide (PEI). The resulting substrates and TFC membranes were characterized by
FESEM, AFM, ATR-IR, XPS and contact angle goniometer. Results revealed that the physicochemical properties
of the resulting TFC membranes as well as their separation performances were altered with the use of substrate
of different properties. The ﬂux of membrane decreased in the order of PEI-based TFC N PES-based TFC N PES-
based TFC, which coincide with the characteristics of each polyamide layer formed over the three different sub-
strates. Compared to PES-based TFC and PEI-based TFC membranes, it is found that the polyamide layer of PSf-
based TFC was more compact and more likely cross-linked which as a result led to lower water ﬂux and higher
salt rejection as observed in ﬁltration experiments.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
The thin ﬁlm composite (TFC) membranes prepared using an inter-
facial polymerization (IP) technique have experienced signiﬁcant prog-
ress since the breakthrough discovery made by Cadotte and his co-
workers in the 1970s [1]. Generally, the composite ﬁlm consists of an
ultra-thin barrier layer which is interfacially polymerized on top of a
porous substrate layer. The physicochemical properties of ultra-thin
barrier layer, hence, are an important factor determining themembrane
separation efﬁciencies [2–4].
For having high permeability and selectivity, the barrier layer of TFC
membrane should be very thinwith a highly crosslinked structure [5–7].
Besides, the separation performance of TFCmembrane is also known to07 558 1463.
com (A.F. Ismail).be inﬂuenced by the intrinsic properties of the barrier layer, namely,
surface charge, surface morphology, hydrophilicity, chemical function-
ality and pore size, since they affect the interaction between water
and solutes [8–11]. In order to achieve the desired properties, numerous
studies have already beenmade by different researchers to optimize the
conditions of interfacial polymerization, such as the type of monomer
and its concentration, reaction time and curing conditions [7,12,13].
Although those factors which inﬂuenced the properties of barrier
layer, were intensively reported in many articles, little is known about
the effect of the substrate properties on the formation of the barrier
layer. As of now, most studies have been made using polysulfone
(PSf) as a substrate material to study the correlation between the
formed barrier layer and various substrate characteristics [14–16]. Oh
et. al [17], however, used polyacrylonitrile (PAN) as a substratematerial
in their study to prepare a composite membrane. The surface of PAN
substrate was ﬁrstly modiﬁed by reacting with NaOH to convert\CN
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Fig. 1. ATR-IR spectra of substrates made of different polymer materials.
Table 1
Properties of substrates made of different polymer materials.
Substrate Pure water permeability
(L/m2·hr·bar)
Contact angle (°) Viscosity (mPa·s)
PSf 201.5 68.7 ± 1.3 625.5
PES 76.6 57.34 ± 1.1 639.4
PEI 318.6 64.1 ± 1.6 581.9
199N. Misdan et al. / Desalination 344 (2014) 198–205to\COOH.Modiﬁed compositemembranes were reported to be chem-
ically stable due to the chemical interactions between the \COOH
groups and the barrier layer formed on top of the substrate [18]. There-
fore, even a small change of the substrate properties would eventually
affect the physicochemical properties of the ultra-thin barrier layer
and hence membrane separation performance.
PSf, polyethersulfone (PES) and polyetherimide (PEI) are usually
used for the substrate of TFCmembranes due to their superior chemical
and mechanical stability [17]. Therefore, those polymers are chosen in
this study as the substrate membrane materials. Piperazine (PIP) and
trimethylchloride (TMC) are the monomers that are in-situ polymer-
ized on top of the substrate membrane to form the polyamide (PA) se-
lective layer. Both substrate membranes and the TFC membranes are
then subjected to characterization and the TFC membranes are further
tested for nanoﬁltration (NF) performance. It is hence the objective of
thiswork to know the effect of the substratemembrane on the structure
and performance of the thin PA layer formed on top of the substrate
membrane. To the best of our knowledge, no study has been conducted
so far to study the relationship between the substrate and the PA barrier
layer, particularly by using the chosen three substrate membranes of
different properties.
2. Experimental
2.1. Materials
Both polysulfone (Udel® P-1700) and polyethersulfone (Radel® A)
were purchased from Solvay Specialty Polymers, USA. Polyetherimide
(ULTEM) was supplied by Sabic, Singapore. The polymers in pellet form
were ﬁrst dried at 100 °C overnight prior to use. Polyvinylpyrrolidonea b
Fig. 2. Cross-sectional images of the prepared(PVP) K30 of Mw 40,000 was purchased from Fluka Chemie GmbH,
Switzerland to be used as a pore forming agent. Trimethylchloride and
piperazine were purchased from Sigma-Aldrich andMerck, respectively,
and were used as monomers. 1-Methyl-2-pyrrolidone (Purity N 99.5%)
and cyclohexane (Purity N 99.5%) supplied fromMerck were used with-
out further puriﬁcation. Na2SO4 supplied by GCE Laboratory Chemicals
was used to prepare the feed salt solution for NF experiments.
2.2. Membrane preparation
2.2.1. Preparation of substrate membranes
Asymmetric PSf substrate was prepared via phase inversion tech-
nique using a polymer dope with a PSf concentration of 15 wt.%. In
order to increase the porosity, 1wt.% PVPwas added into the dope solu-
tion. PVPwas ﬁrst dissolved in NMP solvent, followed by the addition of
the PSf. The solution was stirred continuously until it became homoge-
neous. The solutionwas then cast on a glass plate using a casting bar to a
thickness of around 100 μm. The cast polymer solution ﬁlmwas kept for
30 s at ambient temperature before being immersed into coagulant
(water) that was kept at room temperature. After coagulation, the sub-
strate membrane was washed thoroughly with DI water to remove re-
sidual solvent and kept wet at 5 °C prior to use. PES and PEI substrate
membranes were prepared in the same way as PSf. Those membranes
were denoted as PSf, PES and PEI substrates, respectively, hereafter.
2.2.2. Preparation of thin-ﬁlm composite (TFC) NF membrane
TFCNFmembraneswere prepared via in-situ interfacial polymeriza-
tion of PIP and TMC. The substrate was taped onto the glass plate and
immersed in an aqueous solution of 2% (w/v) PIP for 120 s. After blotting
the surface using a soft rubber roller, the membrane was immediately
immersed into the cyclohexane solution of 0.15% (w/v) TMC for 10 s,
for in-situ formation of an ultra-thin PA layer over themicroporous sub-
strate. Subsequently, the membrane was cured at 80 °C for 3 min, thor-
oughly washed with DI water and then stored in water at 5 °C prior to
use. The composite NF membranes prepared were then denoted as
PSf-based TFC, PES-based TFC and PEI-based TFC, respectively.
2.2.3. TFC NF membrane performance evaluation
The ﬂux and rejection of fabricated TFC NFmembranes were studied
using a dead-end ﬁltration system (Sterlitech™ HP4750 Stirred Cell)
under a nitrogen atmosphere. TFCmembraneswere initially compacted
at a trans-membrane pressure of 0.8 MPa with DI water for about 1 h.
The active membrane surface area was 14.6 cm2. The NF experiments
were then performed using 1000 ppmNa2SO4 solution at the operatingc
substrates, (a) PSf, (b) PES and (c) PEI.
a b c
Fig. 3. Top surface FESEM images of the prepared substrates, (a) PSf, (b) PES, and (c) PEI (note: threshold image placed on the bottom right corner of each SEM image was used to deter-
mine the average pore size and porosity of the substrates).
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brane water ﬂux (F) was subsequently measured using the following
equation:
F ¼ V
t  A ð1Þ
where V is the permeate volume (L), A is themembrane area (m2) and t
is the experimental time to obtain V (h).
A bench conductivitymeter (Jenway 4520)was used tomeasure the
salt concentration in the feed and permeate solutions. The membrane
salt rejection was then determined using the following equation:
R %ð Þ ¼ 1− Cp
C f
 !
 100 ð2Þ
where, Cp is the permeate concentration (ppm) and Cf is the feed con-
centration (ppm), respectively.
2.3. Substrate and poly(piperazine-amide) layer characterization
The chemical structure of the membranes prepared was character-
ized using a FTIR spectrometer FTLA2000 (ABB, Switzerland)with an at-
tenuated total reﬂection (ATR) supplied by the PIKEMIRacle™ (USA). A
total of 128 scansweremade for each samplewith apparatus resolution
of 8 cm−1.
X-ray photoelectron spectroscope (XPS, Kratos Axis HS X-ray photo-
electron spectrometer, Manchester, UK) was performed tomeasure the
surface elemental composition by using monochromatized Al Kα X-
radiation source. Each randomly chosen membrane was cut into sam-
ples of 1 cm× 1 cm. The TFCmembrane surfaces were analyzed for spe-
ciﬁc element content at a take-off angle of 45° which corresponded to
the X-ray penetration depth of 4.45 nm.
The water contact angle (CA) was measured using a Phoenix 300
contact angle analyzer (S.E.O. Co., Ltd, Korea). For eachmembrane sam-
ple, ten measurements were made at different locations at room tem-
perature and the average value was reported.
Atomic force microscope (AFM) (Multimode 8 AFM instrument
equipped with a NanoScope V controller) was used to characterize the
surface morphology of the membranes in terms of mean roughnessTable 2
Themean pore size (μp), geometric standard deviation (σp), average pore diameter (dpavg)
and surface porosity (ε) of PSf substrates prepared from different polymer substrates.
Substrate AFM measurement SEM measurement
μp (nm) σp (nm) dpavg (nm) ε (%)
PSf 59.86 1.36 50 12.42
PES 51.07 1.45 44 15.62
PEI 56.42 1.67 49 13.16parameter and pore sizes (i.e. mean pore size, geometric standard devi-
ation and pore size distribution). The scanning area of each membrane
was 5 μm × 5 μm. The pore sizes and the probability density function
curves of the substrates were determined using a previous method de-
scribed by several authors [19–21].
The top surface morphology of the composite membranes was visu-
alized using a ﬁeld emission scanning electron microscope (FESEM)
(JEOL JSM-6700F). The samples were fractured in liquid nitrogen and
dried under vacuum. Subsequently, they were sputter-coated with
gold to prevent charging. Mean pore size (dpavg) and surface porosity
(ε) of PSf, PES and PEI substrates were evaluated based on the mem-
brane SEM surface image using the ImageJ software developed by the
National Institute of Health (NIH). The FESEM surface images were
binarized at a certain threshold in order to obtain a clear image ofmem-
brane surface pores following a procedure described in previous studies
[22–24].
3. Results and discussion
3.1. Physicochemical properties of substrate layers
3.1.1. Organic functional groups
The ATR-FTIR spectra of the substrate membranes are presented
in Fig. 1. The bands at ~1577 cm−1 and ~1486 cm−1 correspond to
the aromatic in-plane ring bend stretching vibration of PSf and PES
substrates. Compared to PES substrate, the additional two weak
bands at 1385 cm−1 and 1365 cm−1 of PSf spectrum are assigned
to the presence of methyl groups in the PSf matrix itself [25,26].
PEI substrate, on the other hand, exhibits the bands at around
1780 cm−1, 1720 cm−1 and 1353 cm−1 which correspond to the
asymmetric stretch of C_O, symmetric stretch of C_O and
stretching of C\N in the imide group, respectively. A broad band at
1670 cm−1 which is recorded in all substrate layers is assigned to
the C_O stretching of PVP additive. This possibly indicates the re-
maining PVP additive in the polymer matrix.
3.1.2. Cross-section and surface morphology (FESEM)
Representative cross-sectional images of substrates made of differ-
ent polymeric material are presented in Fig. 2. A common asymmetric
structure could be clearly observed for all substrates where they gener-
ally possessed a dense skin layer supported by highly porous substruc-
ture. A variation in the substructure of substrate, however, could still
be identiﬁed when a different polymer material was used. It is found
that the sizes of the voids of PEI substrate are larger than those of PSf
and PES membranes. The morphological difference is mainly attributed
to the relatively faster solvent/non-solvent exchange rate during mem-
brane formation which resulted from the lowest viscosity of PEI dope
solution used (see Table 1).
The FESEM images of the top surfaces are depicted in Fig. 3. It can be
easily observed at a magniﬁcation of 5000 times that the pores are
a b c
Fig. 4. 3D AFM images of the prepared substrates, (a) PSf, (b) PES, and (c) PEI.
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average pore size (dpavg) of each substrate, ImageJ software was
employed. A speciﬁc area of the surface on gray-scale FESEM image
was selected to convert to a black and white image where the black
small spots were considered to represent the pores. The average pore
diameters were then computed and the results are tabulated in
Table 2. The data shows that the average pore size decreased in the
order of PSf (50 nm) N PEI (49 nm) N PES (44 nm). Comparing the PSf
with the PES substrates, the smaller pore size of the latter can be ex-
plained by the decreased solvent (NMP)/non-solvent (water coagula-
tion bath) exchange rate during the phase-inversion process, which
resulted from the highest viscosity of PES dope solution used (see
Table 1). Although the viscosity of PEI used in the dope solution is
lower than that of PSf, the pore size of PEI substrate is slightly smaller
than PSf substrate. With respect to the surface porosity, it increases in
the order of PSf (12.42%) b PEI (13.16%) b PES (15.62%). Thus, the sur-
face porosity is in a reversed order of the surface pore size as reported
in the previous studies [15,16].0.016
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PEI3.1.3. Surface roughness (AFM)
Fig. 4 shows the AFM topographic images of the prepared substrates
made of different polymer materials. The roughness parameters, Ra, of
the substrates are tabulated in Table 3. As can be seen, the surface
roughness decreases in the order of PSf N PEI N PES substrate. It is ob-
served that the surface pore size is strongly correlated with the surface
roughness, i.e. the smaller the surface pore size the smoother the sub-
strate surface and vice versa [16,19,21]. Using the AFM image analysis
program, the pore dimension of the prepared substrates was deter-
mined and the results are shown in Table 2 in terms of mean pore
sizes μp. The probability density function curve of each substrate made
is also presented in Fig. 5. Comparison made between the pore size ob-
tained from AFM and FESEM analyses showed the same decreasing
order, i.e. PSf N PEI N PEI but with the pore size determined from the
AFM image was relatively bigger (Table 2). This is mainly because of
the diminution of pore sizes due to a coating procedure that is generally
required for FESEM characterization [21,27].Table 3
Surface roughness parameters of TFC NF membranes made over different polymer
substrates.
Membrane aSubstrate aThin ﬁlm composite
Ra (nm) Rq (nm) Rz (nm) Ra (nm) Rq (nm) Rz (nm)
PSf-based 13.1 16.4 92.1 17.2 21.0 167.0
PES-based 9.71 12 71 9.88 12.6 85.3
PEI-based 9.8 12.3 81.7 11.6 14.4 99.0
a Ra: the mean roughness; Rq: root mean square of z data; Rz: mean difference in the
height between the ﬁve high peaks and the ﬁve lowest valley.3.1.4. Water ﬂux and surface hydrophilicity
With respect to water ﬂux and surface hydrophilicity, it is also
found that both properties were inﬂuenced by the type of polymer
material used in the substrate preparation. Table 1 summarizes the
contact angle and pure water permeability (PWP) of three different
substrates prepared. The surface hydrophilicity increases in the
order of PSf b PEI b PES. The PWP, however, gradually decreased
according to PEI N PSf N PES. Owing to the increase of macrovoid
structure of PEI substrate as discussed in the previous section
(Section 3.1.2), the increment in water ﬂux is reasonable. Whereas,
the decrease of the ﬂux of PES substrate when compared with PSf
substrate is most likely due to the reduction of surface pore sizes.3.2. Effect of different characteristics of substrates on the formation of
poly(piperazine-amide) TFC membranes
3.2.1. Chemical properties of TFC membranes
The IR spectra of the poly(piperazine-amide) TFC membranes pre-
pared from different substrate membranes are presented in Fig. 6. The
results revealed that the interfacial polymerization between PIP and
TMC was successfully performed over all the substrates, as a strong
broad band at 1618–1628 cm−1, which corresponds to the C_O band
of an amide group, was found for the TFC membranes. In addition, a
broad band at 3464 cm−1 could also indicate the successful formation
of PA thin layer, as this was due to the carboxylic acid functional groups
formed by the partial hydrolysis of the acyl chloride of TMC [28].
To determine the degree of cross-linking of PA layer formed, XPS
analysis was highly recommend as it could measure surface elemental0 30 60 90 120 150 180
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Fig. 5. Probability density function curves of the prepared substrates.
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Fig. 6. ATR-IR spectra of TFC NF membranes prepared over different polymer substrates.
202 N. Misdan et al. / Desalination 344 (2014) 198–205composition with a penetration depth of 1–5 nm from the surface re-
gion [29]. Table 4 shows the elemental composition (%) of the three pre-
pared TFC membranes with respect to carbon (C), oxygen (O), and
nitrogen (N). Three different types of PA structures were possibly syn-
thesized over the top surface of the substrates. They are:
(1) Total cross-linking: when all the pendant\COOH groups of TMC
are involved in cross-linking,
(2) Linear structure with a pendant\COOH group: when one pen-
dant\COOH group of TMC is left free without cross-linking and
(3) Linear structure with two pendant\COOH groups: when two of
pendant\COOH groups are left free.
The last case shows the effect of polymer end-capping by TMC. The
calculation was made for an extreme case of a PIP–TMC dimer. All the
uncross-linked PIP–TMC polymers will show the values between cases
(2) and (3) and the values approach (2) as the chain length of the poly-
mer increases. Looking into the experimental data, we will ﬁnd the fol-
lowing patterns:
O/N ratio: PSf-based TFC b (PES-based TFC and PEI-based TFC)
N/C ratio: PSf-based TFC N (PES-based TFC and PEI-based TFC)
O/C ratio: PSf-based TFC b (PES-based TFC and PEI-based TFC)
While the theoretical values have the patterns of:
O/N ratio: total cross-linking structure b linear structures
N/C ratio: total cross-linking structure N linear structures
O/C ratio: total cross-linking structure b linear structures.Table 4
XPS analysis of TFC NF membranes made over different polymer substrates.
C (%) O (%) N (%) O/N N/C O/C
Membrane
PSf-based TFC 76.96 13.42 9.62 1.39 0.13 0.17
PES-based TFC 79.07 15.18 5.75 2.64 0.07 0.19
PEI-based TFC 72.36 19.28 8.37 2.3 0.12 0.26
Theoretical values
Totally cross-linking structure 71.42 14.29 14.29 1.00 0.2 0.2
Linear structure with a
pendant –COOH group
68.42 21.05 10.53 2.00 0.15 0.31
Linear structure with two
pendant –COOH groups
65 25 10 2.5 0.15 0.38From the patterns observed in the experimental and theoretical
values, we can conclude that PSf-based TFC membrane is more like
cross-linking structure while PES-based TFC and PEI-based TFC mem-
branes are more like linear structures. Further, considering that the O/N
ratios of PES-based TFC and PEI-based TFC are close to that of the linear
structure with two pendant \COOH groups, the effect of the end-
capping by the TMC seems strong for the latter two TFC membranes.
The variance of the surface chemistry of formed poly(piperazine-
amide) layer prepared over the three different substrate membranes
is of signiﬁcant evidence that the formed skin layers were altered by
the characteristics of the substrate. It is generally known that the fabri-
cation of thin ﬁlm PA layer involves the reaction between PIPmonomer
in the aqueous solution soaked in the substrate membrane with TMC
monomer in the organic solution that covers the top surface of the sub-
strate membrane. In principal, the polymerization occurs in the organic
side at the interface between the two immiscible liquid phases [1,30,31].
Based on the above argument, thediffusion of PIPmonomer through the
aqueous solution from the voids of the substrate to the surface would
play an important role as a rate-controlling step of interfacial polymer-
ization. The faster the PIP supply, themore is the chance of cross-linking
formation and, conversely, the slower the PIP supply there is more
chance of linear polymer formation. Moreover, the formed barrier
layer would continually grow toward the organic phase and the growth
rate of the poly(piperazine-amide) layer, subsequently, would be limit-
ed by diffusion of PIP through the newly-formed poly(piperazine-
amide) layer [2,30,32,33].
Let us now consider the effect of the pore structure of the substrate
membrane on the mass transport through the pore. Pure water perme-
ation rate should be proportional to εr
2
δ , where ε, r and δ are porosity,
pore radius and pore length of the substrate membrane, respectively.
On the other hand, diffusion rate of PIP monomer through the substrate
membrane pore should be proportional to εδ. Then, the diffusion rate of
PIP should be proportional to (pure water permeation rate/r2). The lat-
ter quantity was calculated to be 0.322, 0.158 and 0.530, respectively,
for PSf-substrate, PES-substrate and PEI-substrate membranes. In
other words, the PIP supply rate through the pore of the PEI-substrate
membrane should be greater than the PSf-substrate membrane. Never-
theless, cross-linking of poly(piperazine-amide) layer did not occur in
the PEI-based TFC membrane. Some other factor has to be considered
to explain the results from the surface elemental analysis.
The answermay come from the fact that surfacehydrophilicity of the
substrate also affects the formation of PA barrier layer. The surface hy-
drophilicity of the substrate decreases in the order of PES N PEI N PSf
as shown by the contact angle data in Table 1. Besides, the PVP additive
remaining in the prepared substrate membranes will also inﬂuence the
diffusion rate of the PIPmonomer from the voids to the surface.With an
increasing substrate hydrophilicity andPVP content, PIPmonomer is ex-
pected to diffuse more slowly due to the attractive interactions with the
functional groups of the polymermaterials and PVP [14]. This also affects
the properties of the resulting poly(piperazine-amide) barrier layer
where the poly(piperazine-amide) formation is largely dependent on
the amount of the PIPmonomer that diffuses to the substratemembrane
surface [31]. Perhaps, effect of membrane chemistry surpassed that of
the pore structure on the PIP transport, and the amount of PIP trans-
ferred to the membrane surface was insufﬁcient to form cross-linking
in the poly(piperazine-amide) layer of the PEI-based TFC membrane.3.2.2. Surface morphological study by FESEM and AFM measurements
In order to investigate and conﬁrm the morphological structure of
poly(piperazine-amide) layer which was interfacially synthesized over
the various substrates, FESEM and AFM analyses were carried out and
the cross-sectional FESEM images are shown in Fig. 7. According to the
ﬁgure, the surfaces of all the composite poly(piperazine-amide) were
rougher than those of the corresponding substrates with active layers
consisting of ridge-and-valley structure. Based on the observation, it is
a b c
Fig. 7. FESEM images (top — 10,000× and bottom — 25,000×) of cross-sectional morphologies of TFC NF membranes prepared from different polymer substrates, (a) PSf-based TFC,
(b) PES-based TFC, and (c) PEI-based TFC.
203N. Misdan et al. / Desalination 344 (2014) 198–205evident that the poly(piperazine-amide) layer was successfully formed
on top of these substrates.
Furthermore, Fig. 8 shows the 3D AFM images and Table 3 summa-
rizes the roughness parameters of the compositemembranes. The obtain-
ed results show that PSf-based TFC membrane displayed the highest
roughness values among all the TFC membranes. Comparing the rough-
ness parameters of the substrate with those of the TFC membranes, TFC
membranes are greater than substrates without exception. Furthermore,
the order in the roughness of the substrate (PSf N PES N PEI) is precisely
retained in the TFC membranes.
3.3. Performance of poly(piperazine-amide) TFC membranes
The performance of the TFC membrane depends on the properties of
the substrates as well as the PA barrier layer. Fig. 9 shows the contact
angle, the pure water permeability, the water ﬂux and the salt rejection
(when tested with 1000 ppm Na2SO4 solution) of the TFC membranes.
The error bars indicate the standard deviations. With respect to water
permeation rate, theﬂuxes of bothpurewater and salt solutiondecreased
in the order of PEI-based TFC N PES-based TFC ≥ PSf-based TFC. The ob-
tained results were mainly inﬂuenced by the poly(piperazine-amide)
layer, since the order of pure water permeation rate of the substrate isa b
Fig. 8. 3D AFM images of TFC NF membranes (a) PSf-baPEI N PSf N PES (Table 1). The lowest ﬂux of the PSf-based TFC was
most likely due to the highly cross-linked poly(piperazine-amide) struc-
ture,which also resulted in lower hydrophilicity as compared to the other
TFC membranes. As a consequence, the formed PA barrier layer of PSf-
based TFCmembranewould create the highest resistance forwater trans-
port through themembrane. In contrast, the increase in the water ﬂux of
PES-based TFC is a vital characteristic of a poly(piperazine-amide) barrier
layer containing more linear structure with acid pendant groups. The
higher content of carboxylic groups in the polymer chain results in an in-
crease in hydrophilic character on the surface, as can be seen in Fig. 9.
Similarly, the PEI-based TFC exhibited the highest water ﬂux due to com-
paratively linear structure of poly(piperazine-amide). The highest water
permeability of the PEI substrate also helped to make the PEI-based TFC
membrane most permeable to water. Fig. 7(a) also reveals that the PA
layer of the PSf-based TFCmembrane is themost compact, possibly lead-
ing to the highest barrier resistance.
Moreover, the degree of crosslinking PA structure is a critical factor
inﬂuencing the rejection of the salts [29]. As can be depicted in Fig. 9,
the Na2SO4 rejection decreases in the order of PSf-based TFC N PEI-
based TFC N PES-based TFC. The shown results coincidewith the charac-
teristic of each PA layer formed over the three different substrates as
have previously been discussed.c
sed TFC, (b) PES-based TFC, and (c) PEI-based TFC.
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Fig. 9.Water ﬂux and salt separation rate of TFC NFmembranesmade over different poly-
mer substrates.
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Three different TFCmembraneswere successfully prepared by in-situ
polymerization of PIP and TMC over the three different substrates made
of PSf, PES andPEI, respectively. The impact of thephysicochemical prop-
erties of each substrate on the formation of poly(piperazine-amide) was
thoroughly investigated. The experimental results conﬁrmed that the
physical and chemical properties of poly(piperazine-amide) layer were
obviously altered depending on the properties of the substrate mem-
branes. XPS analysis revealed that the poly(piperazine-amide) layer pre-
pared over PSf substrate produced a highly cross-linked structure.
Whereas, the PES-based TFC and PEI-based TFC are close to that of the
linear structure.
The hydrophilicity and the pore size of the substrate were found to
have signiﬁcant inﬂuence on the structure of poly(piperazine-amide). It
seems that the effect of the hydrophilicity governs the poly(piperazine-
amide) formation more strongly than the substrate pore structure.
With an increasing substrate hydrophilicity and the amount of residual
PVP, PIPmonomer diffusesmore slowly due to the attractive interactions
between PIP and the functional groups of the membrane polymer and
PVP. As a result, the poly(piperazine-amide) layer becomes less cross-
linked as the hydrophilicity of the substrate membrane increases. This
was conﬁrmed by the order in the water permeation rate observed
among the TFC membranes. Thus, the ﬁndings demonstrated that not
only IP conditions would inﬂuence the physicochemical characteristics
of formed PA layer, but also the properties of the substrate are of a para-
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